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Abstract—Medical implants with communication capability 
are becoming increasingly popular with today’s trends to 
continuously monitor patient’s condition. This is a major 
challenge for antenna designers since the implants are 
inherently small and placed in a communication-wise very 
lossy environment. Our goal is to determine the fundamental 
limitations of such antennas when placed inside human bodies 
and to develop guidelines for most efficient design. We base 
our findings on in-house analysis tools based on spherical and 
cylindrical wave expansion applied to simplified spherical and 
cylindrical body models respectively. These give us insight into 
wave propagation and show the maximum power density levels 
that can be reached just outside the body. Based on the 
obtained limits we can propose a useful upper bound for more 
complex scenarios.  
Index Terms—implanted antennas, spherical wave 
propagation, fundamental limits. 
I.  INTRODUCTION  
We are witnessing a large growth of interconnected 
sensors and devices aimed at providing better medical care to 
in-hospital and out-hospital patients. Many of these devices 
are medical implants which are quite a challenge for 
engineers due to size limitations. In addition, from the 
perspective of antenna engineers, the small size and large 
losses imposed by the body tissue are a very complicated 
design situation.  
Limits on the performances of electrically small antennas 
have been studied in the pioneering work started by Chu [1], 
Wheeler [2], Harrington [3], and continued by Collin et al. 
[4], Fante [5] and Fano [6]. More recently further advances 
on this topic have been achieved in [7-10]. However, these 
principles are valid for antennas radiating in free space, 
while the implanted scenario places the antenna into a very 
lossy medium. In such an environment, most of the common 
ideas and practices are not valid. In [11] it is clearly shown 
that fundamental antenna characteristics like the far field, 
the antenna radiation pattern or the bandwidth do not apply 
when the antenna radiates into an infinite lossy medium. 
Therefore, large part of the theoretical developments and 
results which are still used by antenna engineers to assess 
the potential of an antenna should be modified for antennas 
radiating into a lossy medium. Recent advances in 
characterization and in-body link modelling can be found in 
[12-13].  
For this reason, our focus in this paper is to investigate 
some fundamental physical limits on the total power and 
maximal power density that can reach free space for a 
specific implanted antenna scenario. We will use a spherical 
model as a replacement for the lossy human wearer and 
place encapsulated elementary antenna sources inside. This 
first look at the spherical model is only a coarse 
approximation, but it provides useful insights and can be 
very efficient as it uses an algorithm based on spherical 
modes expansion [14, 15].  
 
II. ANALYSIS FUNDAMENTALS 
The basis of our analysis in this paper is a spherical 
model of a human body. It is a rough estimate, however it 
gives useful results and valuable insight [16]. The analyzed 
structure in Fig. 1 is composed of a sphere (with radius rbody) 
and of an implanted antenna. The sphere modeling the body 
can be either homogeneous or formed by concentric layers 
in order to mimic a part of the human body (skin, fat, 
muscle, bone, for instance) by using dielectric properties 
that are similar to those of real human tissues. The 
implanted antenna is modeled as a small sphere with radius 
rimpl (filled with air) and a current source (either an electric 
or a magnetic dipole) and its location and geometry is 
depicted in Fig. 1.   
 
 
 
 
Fig 1. View of the analyzed structure with the excitation moved away from 
the center. 
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The solution procedure makes use of the spherical-wave 
modal expansion. The electromagnetic field in a spherical 
structure (with zero free-charge density) can be represented 
using vector spherical harmonics [17,18] as: 
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Here mnψ  is the elementary solution of the Helmholtz 
differential equation, i.e. nZˆ denotes Schelkunoff type of 
spherical Bessel or Hankel functions [18], and β denotes the 
wavenumber of the considered media. Further details and the 
complete analysis procedure are given in [14, 15]. 
III. MAXIMUM POWER DENSITY 
We begin our study of the radiation properties by 
verifying the usefulness of our spherical model approach. 
The quantity assessed is the fundamental limit for the 
maximum power density levels that can be reached just 
outside the body. To this aim, we simulated using CST 
Microwave Studio an air sphere antenna implanted inside a 
cube body phantom with the cube side length equal to the 
diameter of the considered sphere. We compared the results 
to the ones obtained using a spherical body phantom and our 
spherical waves expansion. The working frequency is 403.5 
MHz, the body sphere has rbody = 9 cm radius and 
permittivity is  εbody = 43.50 – j34.75 [19, IEEE Head model]. 
The implanted antenna in this case is a short electrical dipole 
located in a 2mm diameter air sphere (implanted antenna) 
placed in the center of the body phantom. The comparison 
for power density results (in the cube phantom case, the 
power density is observed on the line passing through the 
center of the cube side and perpendicular to the excitation 
electric dipole) is given in Fig. 2 and it shows that the actual 
shape of the body is not crucial. Moreover, this result 
validates the applicability of the spherical model in our 
investigation. Note that the power density is normalized with 
the factor 2 20 0(8 3) (8 3) ( )obs feedW r W r rπ π⋅ = ⋅ − , were W0 
is the maximum value of the real part of the power density 
component normal to the surface of implanted antenna, i.e., 
just inside the lossy medium. 
 
 
Fig. 2. Radial component of the normalized real part of power density at 
different distances from the implanted antenna placed in spherical and 
cubic body. The source is placed at the center of the body.  
 
To study the effect that size of the body and position of 
the implant have on the power density we will fix the 
distance of the antenna to the body interface and assume 
that the orientation of the dipole is transverse to the 
direction of observation. Fig. 3 shows the power density 
distribution for two canonical antenna cases – short electric 
and magnetic dipole inside a spherical air-filled capsule, and 
for three different spherical body sizes. It is evident that 
regardless of the size of the body if the implant is at the 
same distance to the boundary, the maximum obtainable 
power density is practically the same. 
 
 
 
Fig. 3. Radial component of the normalized real part of power density at 
different distances from the implanted antenna. The source is kept fixed at 
9 cm distance from the body boundary. Results for the electric and 
magnetic dipole are shown.  
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In both excitation cases however, three segments are 
visible: reactive near-field part, propagating field part and 
reflection part. The last two loss contributions are 
unavoidable for the signal to reach free space, however, the 
antenna designer should work on the first to minimize the 
loss. Therefore, the good implanted antenna design will 
“keep” the reactive near-field inside the capsule. This is also 
the main difference between the capsules with electric and 
magnetic dipoles – the magnetic dipole has dominant 
magnetic reactive near field which does not interact with the 
host body, while the electric dipole excites dominant reactive 
electric field which “feels” the lossy surrounding medium. 
 
The position of the implant in the body has a small effect 
on the power density just outside the body, however the 
position does give rise to the focusing effect since the body 
acts similar to a spherical lens. This is illustrated in Fig. 4 in 
which the angular dependency of the normalized power 
density is shown as a function of the dielectric sphere radius. 
The source is kept fixed at a 9 cm distance from the body 
boundary and the power density is calculated at 0.1 cm 
distance from the outside boundary of the dielectric sphere. It 
can be seen that the value of the power density strongly 
depends on the distance from the source, i.e. on the amount 
of propagating field absorption losses. In other words, we see 
once more that for the maximum value of the power density 
outside the body the shape and dimension of the host 
medium has very little importance. 
 
 
 
Fig. 4. Angular dependency of the normalized power density as a function 
of dielectric sphere radius. The z-oriented electric dipole is located at the x-
axis 9 cm away from the boundary in all cases (Fig. 1) and the angular 
dependency is taken in xy plane 0.1 cm away from the outside boundary of 
the dielectric sphere. 
 
Starting from the spherical mode expansion it is possible 
to derive the expression for the maximum power density 
that is obtainable from the implantable antenna located in a 
body of arbitrary shape and dimensions (see [20] for 
details): 
 
(a) for the magnetic type of antenna of radius rimpl placed at 
distance Δ inside the body  
 
22
max 0 2 exp( 2 ( ))2
impl
impl
impl
r
W W r
r
β
α
α
= − Δ −
Δ
  (4) 
 
(b) for the electric type of antenna of radius rimpl placed at 
distance Δ inside the body 
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Here and β η  are complex propagation constant and wave 
number: 
0 0(2 ) ;body bodyjβ π λ ε β α η η ε= = − =  Note that 
in our spherical model Δ = rbody – rfeed. Furthermore, the 
maximum bound does not take into account losses due to 
reflections since these losses depend on the body boundary 
properties. A good approximation can be obtained with the 
large-radius approximation of the spherical body: 
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IV. CONCLUSION 
Key performance indicators for small implanted antennas 
are largley still undefined. Using a spherical body model as 
reference and encapsulted electric and magnetic current 
sources we investigated the total radiated power and power 
density just outside the body as a function of implant size, 
body sphere size, body shape and position of the implant 
relative to the body boundary. As shown, the critical 
dimension for maximum obtainable power density is the 
depth of the implant, not the shape or the size of the 
phantom. These results are good indication for realistic 
cases and can be used to predict obtainable power levels in 
actual application scenarios.  
ACKNOWLEDGMENT  
This research has been supported in part by the European 
Regional Development Fund under the grant 
KK.01.1.1.01.0009 (DATACROSS). 
REFERENCES 
 
[1] L.J. Chu, "Physical limitations on omni-directional antennas", 
Journal of Applied Physics,. 19, 1948, pp. 1163-1175. 
[2] H.A. Wheeler, "Fundamental Limitations of Small Antennas", Proc. 
of the IRE, 1947, pp. 1479-1484. 
13th European Conference on Antennas and Propagation (EuCAP 2019)
[3] R.F. Harrington, "On the Gain and Beamwidth of Directional 
Antennas", IRE Transactions on Antennas and Propagation, vol. AP-
6, 1958, pp. 219-225. 
[4] R.E Collin and S. Rothschild, "Evaluation of Antenna Q", IEEE 
Transactions on Antennas and Propagation, vol. AP-12, 1964, pp. 
23-27. 
[5] R.L. Fante, "Quality factor of general ideal antennas", IEEE 
Transactions on Antennas and Propagation, vol. AP-17, 1969, pp. 
151-155. 
[6] Fano, R. M., "Theoretical limitations on the broadband matching of 
arbitrary impedances", J. Franklin Inst. 249, 57–83 see also 139–154, 
1950. 
[7] A.D. Yaghjian and S.T. Best, "Impedance, Bandwidth and Q of 
Antennas", IEEE Transactions on Antennas and Propagation, vol. 
AP-53, 2005, pp. 1298-1324. 
[8] R.C. Hansen, Electrically small, Superdirective and Superconductive 
Antennas, John Wiley and sons, New Jersey, 2006. 
[9] S.R. Best and A.D. Yaghjian, "The Lower Bound on Q for Lossy 
Electric and Magnetic Dipole Antennas", IEEE Antennas and 
Wireless Propagation Letters, vol. 3, 2004, pp. 314-316. 
[10] M Gustafsson, C. Sohl and G. Kristensson, "Physical limitations on 
antennas of arbitrary shape", Proc. R. Soc. A, vol. 463, pp. 2589-
2607, 2007. 
[11] R. Moore, “Effects of a surrounding conducting medium on antenna 
analysis,” IEEE Transactions on Antennas and Propagation,  vol. 
AP-11, no. 3, pp. 216–225, May 1963. 
[12] C. Ehrenborg and M. Gustafsson, "Calculating physical bounds for 
in-body antennas", Proc. the 12th European Conference on Antennas 
and Propagation, EuCAP 2018, London,  UK,  pp 1-3. 
[13] J. Faerber et al., “In vivo characterization of wireless telemetry 
module for a capsule endoscopy system utilizing a conformal 
antenna,” IEEE Transaction on Biomedical Circuits and Systems, vol. 
12, pp. 95-104, Feb. 2018. 
[14] M. Bosiljevac, Z. Sipus, A.K. Skrivervik, "Propagation in Finite 
Lossy Media: an Application to WBAN", IEEE Antennas and 
Wireless Propagation Letters, vol.14, pp. 1546 - 1549, 2015. 
[15] M. Bosiljevac, Benjamin Fuchs, A.K. Skrivervik and Z. Sipus, "Study 
of wearable WBAN antenna properties based on spherical body 
model", Proc. the 10th European Conference on Antennas and 
Propagation, EuCAP 2013, Davos,  Switzerland,  pp 1-3. 
[16] J. Kim and Y. Rahmat-Samii, “Implanted antenna inside a human 
body: simulations, design, and characterization,” IEEE Transactions 
on Antennas and Propagation, vol. AP-52, 2004, pp. 1934-1943. 
[17] J. A. Stratton, Electromagnetic theory,  McGraw-Hill N.Y.,1941. 
[18] R. F. Harrington, Time Harmonic Electromagnetic Fields, McGraw-
Hill, New York, 1961. 
[19] Evaluating Compliance With FCC Guidelines for Human Exposure to 
Radiofrequency Electromagnetic Fields, 97–01 ed. Washington, DC: 
Federal Communication Commission (FCC) Std. Supplement C, OET 
Bulletin 65, p. 35, 2001. 
[20] A. K. Skrivervik, M. Bosiljevac and Z. Sipus: “Fundamental Limits 
for Implanted Antennas: Maximum Power Density Reaching Free 
Space,” Technical report, EPFL and University of Zagreb, 2018. 
 
 
13th European Conference on Antennas and Propagation (EuCAP 2019)
